ABSTRACT Due to no dc-link energy storage element in the matrix converter (MC), its input and output performances are highly sensitive to the unbalanced grid conditions. In order to mitigate the adverse effects of the unbalanced grid voltages, this paper proposes a simple and effective control strategy based on the finite-control set model predictive control (FCS-MPC). In this case, an extended instantaneous power theory is adapted to generate the source current references. As a result, both sinusoidal source currents and balanced output currents are ensured. Besides, complicated positive and negative sequence decomposition is avoided. Furthermore, an extended state observer (ESO) is designed to eliminate the grid voltages sensors, which not only estimates the grid voltages but also provides the delayed grid voltage information required for the source current reference calculation. The effectiveness of the proposed method is verified by the simulation and experimental results.
I. INTRODUCTION
Matrix converter (MC) is a direct AC/AC converter, and it is featured by sinusoidal input and output currents, bidirectional energy flow, controllable input power factor and no dc-link component [1] - [3] . Due to the elimination of bulky and limited lifetime electrolytic capacitors, the reliability and power density of MC are higher than those of the conventional back-to-back converters [4] . Meanwhile, because of these characteristics, the voltage/current on input and output sides of MC are directly coupled. Then, all the inner variables, such as input and output currents, are easily influenced by extra disturbances.
The utility grid voltages would become unbalanced when considerable numbers of asymmetric loads are
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connected or short circuit faults occur. To suppress the adverse effects of unbalanced source voltages on the input and output performances of MC, many modulation strategies have been presented [5] - [19] .
In [5] - [9] , several space vector modulation (SVM) methods are introduced for MC/indirect MC (IMC) to improve the source current quality and balance the output currents. In [5] , two SVM methods are presented. One is aligning the input current vector with the input voltage vector. Desired balanced output currents are obtained, but the source current contains a series of positive sequence harmonic components. The other can reduce or eliminate the harmonics of source currents by utilizing the information of positive and negative sequence components of source voltages. The modified SVM method in [7] can achieve balanced output currents, but the thirdorder harmonic component in source currents is relatively large. In [8] , an online SVM method is introduced to optimize the duty cycles of the best switching states. To avoid the complex sequence component separation, a simple method for calculating the source current reference is proposed in [9] . Similar to the latter method in [5] , a carrier-based modulation (CBM) strategy for IMC is presented in [10] . Additionally, based on the framework of SVM, some closed-loop control strategies are put forward [11] - [13] . To achieve balanced output currents and a near unity power factor (UPF) operation, an advanced closed-loop control for source currents is proposed for IMC [11] . In [12] , two resonant controllers are adopted to regulate input currents and active power. Thus, the quality of input currents is improved without degrading the quality of output currents. In [13] , a novel instantaneous effective power control method (IEPC) for MC under unbalanced grids is discussed.
Three enhanced double input line voltage synthesis (DLVS) methods are investigated in [14] - [15] , they are aiming to achieve sinusoidal source currents. In [16] , three mathematical construction methods are presented according to different ways of selecting the input current vector. These methods can achieve similar output current quality, but different input current quality. Three model predictive control (MPC) methods are proposed in [17] , namely, active power oscillation compensation (APOC) strategy, the instantaneous unity power factor (IUPF) strategy and positive sequence (PS) strategy. Among these methods, the APOC strategy can achieve the best output and source current performance, but the calculation of source currents reference is complex. Literature [18] proposed an MPC method with reactive power minimization for IMC and literature [19] introduced a predictive current control method for MC. The quality of output currents is degraded with above two methods, as the acterm in instantaneous active power cannot be completely eliminated.
Compared with SVM method, DLVS method, CBM method, and the mathematical construction method, the MPC method [20] - [24] appears as a promising alternative due to its simplicity and flexibility [3] . To reduce the complexity and improve the input/output performance of aforementioned methods, a cost-effective and low-complexity control method based on finite-control set MPC (FCS-MPC) is proposed for MC under unbalanced grid voltages in this study. The main ideas include 1) an extended instantaneous power theory for generating source current references is adopted to reduce the complexity of algorithm. 2) a non-static error extended state observer (ESO) based on internal model principle is proposed to reduce costs. With the new source current references, both the sinusoidal source currents and the balanced output currents are obtained. Besides, complicated positive and negative sequence decomposition is avoided. Because of the non-static error ESO, voltage sensors for grid voltages are saved. As the ESO also provides the delayed source voltages information, it does not increase total computational burden of the proposed method.
The remainder of this paper is organized as follows: Section II introduces the topology and the model of MC; in Section III, the proposed control scheme is described in detail; the simulation results of the proposed method and comparisons with other FCS-MPC-based strategies are provided in Section IV; in Section V, the experimental results are illustrated; and finally, the main points of this paper are summarized in Section VI.
II. MC SYSTEM DESCRIPTION A. TOPOLOGY OF MATRIX CONVERTER
The topology of MC is illustrated in Fig. 1 . It mainly consists of the power grid interface, input LC filter, nine bidirectional switches, and three-phase balanced loads.
Assuming that the nine bidirectional switches are ideal, each switch S yx (x =a, b, c; y = A, B, C) has two possible states: S yx = 1 when on state and S yx = 0 when off-state. The states of nine switches can be represented as the following switching matrix
For safety reasons, the input of MC cannot be shortcircuited, and the output should not be left open due to the inductive loads. Thus, the switches should meet the following constraints
According to the constraints above, there are 3 3 = 27 feasible switching states.
From Fig. 1 
where u ix and u oy represent the three phase input and output voltages, respectively, i ix and i oy represent the input and output currents, respectively.
B. MODELING OF MATRIX CONVERTER SYSTEM
The dynamic behavior of a general three-phase balanced load can be described as follows:
where L and R are the load inductance and resistance, respectively; i o and u o are the output current and voltage vector; e is the electromotive force (EMF) vector of the load. The load may cover RL load, induction motor, permanent magnet synchronous motor and grid. In this study, only the RL load is considered, thus e = 0.
The continuous-time model of input side is described as the following equations:
where 
III. PROPOSED CONTROL SCHEME
Usually, the control targets of MC under unbalanced grids are: 1) output voltages or currents regulation; 2) low-order harmonics reduction of the source currents with less contents and input reactive power control. To achieve these targets, a control method based on FCS-MPC is proposed for MC. Fig. 2 illustrates the overall control block diagram, which mainly involves an ESO and an MPC algorithm block. As shown, based on the novel power definition and the ESO, the source current reference is calculated. With the information of measured source currents and input voltages, the ESO can accurately estimate the source voltages and the delayed source voltages without using the grid voltage sensors, thus reducing the system costs. The MPC is an FCS-MPC, in which the sinusoidal source currents based on the novel power definition and balanced output currents are controlled. In this Section, the proposed control scheme will be introduced for MC in detail.
A. CALCULATION OF SOURCE CURRENT REFERENCE
Since there are no storage units in MC, the input instantaneous active power of MC is equal to its output instantaneous active power when the power losses are neglected. According to the first target, the input instantaneous active power of MC should keep constant. Regarding the second target, a certain reactive power will be regulated. However, the definition of reactive power is non-unique [25] - [26] . For the same given active and reactive power, the obtained currents are different under different definitions of reactive power in the case of unbalanced voltages. In this paper, the definitions of instantaneous active and reactive power based on the extension pq theory in [25] are introduced, where the input instantaneous active and reactive power of the MC can be expressed as
where the superscript '' * '' denotes the conjugate of a vector; Re(•) is a function which extracts the real part from its argument. u s denotes a vector whose phase lags u s by 90 degrees. As proved in [26] , if Q s is a constant, the oscillatory components in P s can be eliminated naturally. That is, the definitions in (7) and (8) lay the foundation for the two control targets under unbalanced grids mentioned before.
Denote the unbalanced source voltage vector u s as follows
where ω is the angular frequency of source voltages, U P and U N are the amplitude of positive and negative sequence voltage, respectively, while ϕ is the initial phase angle between positive and negative sequence voltage. Then, the delayed source voltage u s can be expressed as
Combine (7) ∼ (10), the source currents vector is solved as
where Im(•) is a function which extracts the imaginary part from its argument, x * represents the conjugate of x.
is a constant, u s and u s are sinusoidal. Thus, according to (11) when the constant active power P s and reactive power Q s are given, the sinusoidal source currents will be obtained under both balanced and unbalanced source voltages. VOLUME 7, 2019
B. ESO FOR SOURCE VOLTAGES ESTIMATION
From(6), both the source voltages and input voltages have to be measured to implement the FCS-MPC. In order to reduce the costs, a non-static error ESO is proposed to estimate the source voltages.
Assume that the source voltages are unbalanced and its frequency is constant and known. Then, the model of the input side can be expressed as
where i sx and u sx (x =a,b,c) are the source current and voltage, respectively, and u sx is the delayed source voltages. Based on (12), a non-static error ESO is designed as
where k 1 , k 2 , and k 3 are coefficients, which will be determined later,î sx ,û sx andû sx are the estimated value of i sx , u sx and u sx , respectively. Subtracting (12) from (13), we have
where
Then, the characteristic equation of the proposed ESO is expressed as
To simplify the tuning process, all the poles are placed in the same location, then the desired λ(s) is formulated as
where ω c represents the location of the pole. Let (15) and (16) equal to each other, then k 1 , k 2 , and k 3 can be obtained accordingly.
When ω c > 0, the designed A E is a Hurwitz matrix. Then, the estimation error will be close to zero, and the convergence speed of the error is determined by ω c .
On one hand, the grid voltages information are estimated by observer, which eliminates the voltage sensors and then reduces costs effectively. On the other hand, the delayed source voltage is also obtained by the observer. As a result, the extra strategy for obtaining the delayed source voltage is omitted, which reduces the computational burden to a certain extent.
C. DISCRETIZATION OF THE MC SYSTEM
To predict the future behavior of the system variables, the discrete-time model of MC should be developed. Assume that the control inputs are piecewise constant over the sampling period T s , the model of input LC filter in (6) is discretized as follows,
and the subscript 'k' and 'k + 1' denote as the k-th and (k + 1)-th sampling time, respectively. As the continuous-time models of the load and non-static error ESO in (5) and (13) can be written with the similar form of (18), so the discrete-time models of the load and ESO can also be obtained by (19) .
D. CONSTRUCTION OF THE COST FUNCTION
The tasks of the FS-MPC are to track the desired input currents and output currents. Based on the discrete-time models and control objectives, the cost function can be constructed as follows.
1) CONTROL OF SOURCE CURRENTS
To achieve the sinusoidal source currents, the following cost function is constructed. (20) where i sref is the desired vector of source current, which can be obtained from (11) by replacing P s and Q s with P sref and Q sref ; x denotes as the Euclidean norm of the vector x.
To achieve the UPF operation, P sref and Q sref are given by
43898 VOLUME 7, 2019 where P oref is the active power reference of load, which is determined by the type of loads, and η is the efficiency of the converter. The active power reference P oref of three phase balanced load can be written as (22) where I om is the amplitude of the output current reference, U om is the amplitude of the voltage of balanced grid, ϕ o is the desired displacement angle, T and are the torque and angular speed reference of a motor, which can be obtained from the motor control.
As mentioned above, P sref depends on two factors: η and P oref . Although η is an unknown and time-varying parameter and P oref is not accurately known, they have a little effect on the system performance. The imposed source currents by the instantaneous power can provide active damping for MC [29] , [30] . And the reason for using the quantities at (k+2)-thsampling time in (20) is to compensate the time delay [18] .
2) CONTROL OF OUTPUT CURRENTS
To achieve the desired output currents, the following cost function is considered. The resulting cost function should reflect both the quality of source and output currents. Thus, the total cost function can be constructed as follows
To facilitate the adjustment of the weighting factor λ, the normalized total cost function is used.
The weighting factor handles the relative importance of the two control objectives. Different choices of weighting factor lead to different comprehensive performance. Usually, the weighting factor selected by trial and error method [31] .
E. IMPLEMENTATION PROCESS
The implementation process of the proposed method is shown in Fig. 3 .
Step , and i k+1 o .
Step 4: Repeat step 3 for all the 27 valid switching states to predict the voltages and currents at the (k + 2)-th sampling period.
Step 5: Evaluate the cost function (25) and apply the optimal switching state at the (k + 1)-th sampling period.
Then, repeat all the steps in the next switching time.
IV. SIMULATION RESULTS
In this Section, simulations have been carried out on MC system to illustrate and validate the proposed method. Besides, the comparisons with other FCS-MPC methods for unbalanced grids are given.
A. SIMULATIONS OF PROPOSED METHOD
Numerical simulations are carried out in Matlab/Simulink platform. The related parameters are listed in Table 1 . The proposed ESO, in which ω c is set to 1000π rad/s, is tested under unbalanced source voltages (U sa = U sb =60V, U sc = 40V). The waveforms of the estimated voltageû sa , delayed voltageû sa and estimated errorũ sa are shown in Fig. 4 . As seen, the estimated error is almost zero, u sa has the same amplitude withû sa , andû sa lagsû sa 90 degrees, which proves the feasibility of the ESO. When the amplitude and frequency of reference output currents are set to 10A and 30Hz, respectively. The simulation results under proposed method are shown in Fig. 5(a) . From top to bottom, they are source current i sa and source voltage u sa , source currents i sa , i sb , i sc , and output currents i oA , i oB , i oC . As seen, the source currents are basically sinusoidal, the output currents are balanced, and almost UPF is achieved.
B. SIMULATION COMPARISONS
The comparisons are performed among the following four FCS-MPC methods: the proposed method, PS strategy [17] , IUPF strategy [17] , [18] , and APOC method [17] .
In IUPF strategy, the source current reference is calculated by making the conventional instantaneous power a constant. The balanced output currents can be achieved, but the quality of input current cannot be assured. In PS strategy, the positive sequence component of source voltages is adopted to generate the source current reference. The balanced source currents could be obtained. However, the quality of output currents is poor as the ac-term in output active power will exists inevitably in this case. In APOC strategy, sinusoidal source currents and balanced output currents could be achieved simultaneously. The proposed method and APOC are equivalent in input-output characteristics. The difference between them lies in the methods to calculate the source current reference, which will be reflected in computational burden.
The simulation results of above methods are shown in Fig. 5 . The uniform cost function (25) is adopted and the weighting factor of four methods is set to 1.0. The simulation results of IUPF strategy is shown in Fig. 5(b) , the balanced output currents can be achieved but the source currents are distorted seriously. The waveforms of PS strategy are illustrated in Fig. 5(c) . The balanced source and output currents and almost UPF operation are achieved. Seen from Fig. 5(a) and Fig. 5(d) , the APOC strategy and the proposed method are basically the same, the sinusoidal source currents and balanced output currents are achieved.
The total harmonic distortions (THDs) of source currents and output currents under the above methods are listed in Table 2 . As demonstrated, the current quality under the proposed method and the APOC strategy are the same and they have the best current quality, the quality of output currents under PS strategy is the worst, and the quality of source currents under IUPF strategy is the worst.
V. EXPERIMENTAL RESULTS
To validate the proposed control scheme, experiments have been carried out on the MC system. The experimental setup is shown in Fig. 6 , which includes transformer, main circuit, input LC filter, controller board, drive boards, clamp circuit, and a three-phase balanced RLload. The main circuit consists of nine bi-directional switches, which are realized by the IGBT module FF200R12KT3_E. The main controller mainly includes: a floating-point digital signal processor (DSP) TMS320F28335 and a field programmable gate array (FPGA) EP2C8J144C8N. The DSP is responsible for implementing the proposed method and transmitting the optimal switching states to FPGA. The FPGA is used to generate the PWM signals to the drive boards. The related experimental parameters are the same with the parameters as listed in Table 1 .
The experiments are carried out in the following cases: Case I : the source voltages are balanced, and U sa = U sb = U sc = 60V (RMS);
Case II: the source voltages are unbalanced, and U sa = U sb = 60V, U sc = 40V.
Case III: the source voltages are seriously unbalanced, and U sa = U sb = 60V, U sc = 120V. 
A. EXPERIMENTS OF PROPOSED METHOD
First, the feasibility of designed ESO is tested. By FFT analysis, the THDs of source voltages under case II are 3.37%, 3.58% and 4.95%. The voltages u sa ,û sa ,û sa andũ sa are shown in Fig. 7(b) , u sa andû sa are coincident, and the estimated error is small and within ±3V. As a conclusion, the designed ESO can track the source voltages well even though there exist some harmonics in the source voltages.
In case I, when the amplitude and frequency of output current are set to 10A and 30Hz respectively, the measured input and output waveforms are shown in Fig. 8 . As seen, the source currents and output currents are balanced. Additionally, the UPF operation is achieved.
In case II, two different reference output currents are tested: f o = 30Hz, I om = 10A and f o = 60Hz, I om = 10A. The power reference and amplitude of output current reference are the same under the two conditions, so the source currents will be the same. The waveforms of source currents and calculated power are illustrated in Fig. 9 , where the instantaneous power is calculated by DSP, and attenuated by 200 times, then output to the oscilloscope through the D/A converter chip AD5725. The source currents are basically sinusoidal but unbalanced, VOLUME 7, 2019 P s and Q s are controlled to be constant values without double-frequency ripple power. The phase shift between source voltage u sa and source current i sa is almost zero, but the conclusion that the system operates at UPF cannot be drawn. The reasons is that the phase-shift of each source current in Fig. 9 is not 120 degrees. In fact, Q s equals to zero represents that the sum of reactive powers of three input phases is zero, rather than that the source current is in phase with the respective source voltage. Fig. 10 shows the waveforms of output phase-to-phase voltage and output currents, the output currents under different conditions are balanced. Besides, it can be observed from Fig. 10(a) and Fig. 8 that the output currents are basically the same. It can be concluded that the balanced output currents, constant instantaneous active power and minimum instantaneous reactive power can be achieved under unbalanced input voltages regardless of the output frequency, which verifies the effectiveness of the proposed method.
Further, different reactive power references are performed by the proposed method under case II. In Fig. 11(a) and Fig. 11(b) , the output currents are set to 6A/30Hz, Q sref are set to 0Var and 400Var respectively. As seen, the calculated power are controlled to be constant values under two conditions, which means the source currents are sinusoidal and the output currents are balanced. In addition, there is an apparent phase shift between u sa and i sa when Q sref = 400Var. It can be concluded that the proposed method has the capability to control the reactive power under the premise of ensuring the quality of source and output currents. Fig. 12 shows the waveforms in case III with f o = 60Hz, I om = 11A. As seen, the source currents are basically sinusoidal and the output currents are balanced, P s and Q s are constant, which confirm the effectiveness of the proposed method again.
In addition, a series of experiments are tested to show the effects of efficiency settings on system performance under case III with f o = 60Hz, I om = 11A. The measured values of source currents and output currents under different efficiency settings are listed in Table 3 . It is observed that the differences of source current amplitude and output current amplitude are not significant when the efficiency derivation over a large interval. The THD of output currents are quite close under different efficiency settings. As a conclusion, the efficiency setting η has little effect on the quality of source and output currents.
B. EXPERIMENTAL COMPARISONS
For comparison purpose, the waveforms of IUPF strategy, PS strategy and APOC strategy under case II with f o = 30Hz, I om = 10A are shown in Fig. 13(a), Fig. 13(b) and Fig.13(c) , respectively. From top to bottom, they are source current i sa and source voltage u sa , source currents i sa , i sb , i sc , conventional instantaneous power P s and Q c (Q c = Im( i * s u s )), output phase-to-phase voltage u AB and output currents i oA , i oB , i oC . As illustrated in Fig. 13(a) , the output currents are balanced but the source currents are distorted under IUPF strategy. In addition, P s and Q c are controlled to be constant values, which means that the source currents' quality are sacrificed to assure the output currents' quality. In Fig. 13(b) , the balanced source currents are also obtained, but the instantaneous active power and reactive power are fluctuant, so the output current quality is relatively poor. Comparing Fig. 13(c) with Fig. 9 and Fig. 10 (a) , the source currents and output currents of the APOC strategy and the proposed method are basically the same. A clear distinction is that Q s is constant but Q c is fluctuant.
To evaluate the harmonic performance of four FCS-MPC methods in an intuitive way, the THDs of the source and output currents under case II are illustrated in Table 4 . As demonstrated, the current quality of APOC strategy and the proposed method are basically the same and superior to IUPF strategy and PS strategy, which is in accordance with the simulation results in Section IV ( Table 2 ). Table 5 . The required execution time for IUPF strategy is the least, because its source VOLUME 7, 2019 current reference is calculated by the source voltages and expected power directly. As the positive sequence component of source voltages needs to be extracted, the PS strategy takes slightly longer execution time. It worth noting that IUPF strategy and PS strategy need less computation time, but their input and output performance are poor. The APOC strategy has the excellent input and output current quality, but it takes the longest execution time. The reason is that both the positive and negative sequence component of source voltages are needed. The reference calculation process of the proposed method is very simple. Thus, the total execution time for the proposed method is short even though an ESO is added. As a conclusion, the proposed method can achieve good input and output current performance, save the system cost and reduce the computational time.
VI. CONCLUSION
In this paper, a predictive control based on new reactive power definition is presented for matrix converter under unbalanced source voltage conditions. Under this control scheme, the ac-term in active power could be eliminated, together with balanced output currents and sinusoidal source currents. Moreover, the grid voltage sensors are no longer needed and the phase-locked loop and positive/negative sequence decomposition are not required, resulting in the reduction of system costs and computational burdens. In fact, it is a general control strategy for MC under both balanced and unbalanced source voltage conditions. These characteristics make this strategy more suitable for practical applications.
Furthermore, the proposed method can be extended to other converters (e.g. three-phase voltage source rectifier and three-phase current source rectifier) to improve the input or output performance and reduce the system costs under unbalanced input conditions.
